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Abstract 

A new type of topological matter interactions involving second-rank antisymmetric tensor 
matter fields with an underlying ^ 1 topological supersymmetry are proposed. The 
construction of the 4-dimensional, Nt — 1 Donaldson- Witten theory, the Nt = 1 super-BF 
' model and the Nt — 2 topological B-model with tensor matter are explicitly worked out. 

; 1 Introduction 

It has been known for a long time that in quantum field and string theories besides totally 
symmetric tensor and tensor-spinor fields also second-rank antisymmetric tensor fields play an 
important role. As a significant example, the Green-Schwarz anomaly cancellation mechanism 
underlies, among others, a coupling of a two-form gauge potential with a Chern-Simons 
I/"") | form. 

All the known couplings in Minkowski space-time involving antisymmetric tensor fields may 
be put into two categories. Depending on whether they transform as gauge or as matter fields, 
CN \ one distinguishes 

(i) tensor gauge couplings, 



Oh 



»auec 



oc / d 4 x(d a B ac )(d b B bc ), B ab = l -e abcd B cd , § ab = -B ab , (1) 
ii) (conform invariant) tensor matter couplings, 

-^matter <* / d 4 X (d a (f ac )(d b ip bc )\ fab=T ab + if ab 



where <p ab is an antisymmetric complex tensor field involving the tensor matter field T ab and 
satisfying the complex self-duality condition cp ab = i(p a b- 

In the first case, the action (|l]) possesses a first-stage reducible gauge symmetry 5GB ab = 
9[ a wu Such antisymmetric tensor gauge fields appear quite naturally in extended supergrav- 
ity theories || and in effective low-energy tensor gauge theories derived from string models Q], 
e.g., the axion/dilaton complex in Calabi-Yau compactifications of type-II superstrings @. 

In the second case, gauge symmetry is lost, but the action (0) exhibits an invariance under 
the (global) chiral symmetry 5cT ab = aT ab , i.e., T ab transforms as an ordinary matter field. 
Antisymmetric tensor matter fields arise in extended conformal supergravity theories || and in 
2D conformal quantum field theories (CQFT's) |7j. 

Besides of this, there is a renewed interest in antisymmetric tensor fields due to their con- 
nection to a large class of Schwarz type topological models, namely the BF-models ||, which 
are exactly solvable QFT's. Generally, topological quantum field theories (TQFT's) @ are 
characterized by observables depending only on the global features of the manifold on which 
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they are defined and provide novel representations of certain topological invariants. The most 
familar examples, which have been widely studied during the last years, are the Donaldson- 



Witten theory |10[ |, the Chern-Simons gauge theory [11] in D = 3 and the topological sigma 
models in D = 2, which constitute quantum field theoretic representations of the theory 
of Donaldson invariants J13|] , of knot and link invariants [14|] and of Gromov invariants [J15[| , 
respectively. Moreover, TQFT's have significantly enhanced our understanding of CQFT's in 
D = 2 and they promised new insights into string theories . 

In the Schwarz type topological models the antisymmetric tensor fields appear always as 
gauge fields. The aim of the present paper is to construct, rather differently, Witten type 
topological models which include antisymmetric tensors fields as matter fields. More precisely, 
we consider extensions of the 4D, Nt = 1 Donaldson- Witten (DW) theory, the Nt = 1 super- 
BF model [17] and the Nt = 2 topological B-model, constructed by Marcus [jTsfl , respectively, 
which involve a coupling of the gauge field to the (anti)self-dual parts T~, of a second- 
rank antisymmetric matter field T^ v . These models allow, in principle, also the inclusion of a 
quartic tensor self-interaction term. Both types of interaction terms, when put on a general 
curved 4-dimensional gravitational background with Euclidean signature, may be regarded as 
a non-abelian generalization and Nt = 1 supersymmetric extension of the abelian axial gauge 
model for antisymmetric tensor matter fields in Minkowski space-time introduced by Avdeev 
and Chizhov gjj. 

The search for a new type of topological matter action is motivated as follows: 
One of the possible constructions of DW theory consists in twisting the action of Euclidean 
N = 2 super Yang-Mills (SYM) theory with global automorphism group Sp(2) (g) U(l) (R- 
symmetry) and Euclidean rotation group 50(4) = SU(2)l <8> SU(2)r by replacing SU(2)i 
through the diagonal subgroup of SU(2)l <S> Sp(2) and coupling the theory to Euclidean grav- 
ity [ 10 1 . Due to its independence on the gauge coupling constant e there exists the possibility 
to study the observables of the theory from both the perturbative and non-perturbative point 
of view, i.e., either in the weak or in the strong coupling limit, e — > or e — > oo, respec- 
tively. Perhaps the most important outcome of both approaches is the existence of a totally 
unexpected relation between two different moduli spaces in 4D topology, one defined by the 
anti-selfdual instanton equations [20] and another one defined by the abelian Seiberg- Witten 
monopol equations ^T|. These moduli problems can be naturally generalized including also 
spinor fields, namely by twisting the N = 2 SYM coupled to N = 2 matter hypermultiplets in 
various representations of the gauge group p2[ . Since the global i?-symmetry group of iV = 2 
supersymmetric gauge theories is at most U{2) = Sp(2) ® U(l), the twist in these more gen- 
eral cases is essentially unique. The moduli space associated to that generalized DW theory is 
determined by the non-abelian monopol equations. 

To construct fundamentally different, Nt > 1 topological theories, one needs at least N = 4 
Euclidean SYM. Since the i?-symmetry group of iV = 4 supersymmetric gauge theories is 
SU(4) there exist three non-equivalent ways of twisting the Euclidean rotation group with the 
-R-symmetry group. One of them, the Nt = 2 topological A-model, constructed by Yamron 
[23], was studied by Vafa and Witten in order to perform a strong coupling test of S-duality 
[24]. Another one, the Nt = 2 topological B-model leads to a theory whose moduli space is 
dominated by flat complexified gauge fields ± iV^; it can be regarded as a deformation of 
the Nt = 1 super— BF model |25|| . The remaining one, also constructed by Yamron [^3|, is 
the Nt = 1 half-twisted theory which provides another example of a DW theory with matter, 
now for the particular case when the spinor fields are in the adjoint representation of the gauge 
group. The latter theory bears a strong resemblance to the non-abelian generalization of the 
Seiberg-Witten monopol theory. However, twisted N = 4 SYM does not lead to a topological 
matter action having a Nt = 2 supersymmetry. This is due to the fact that N = 4 SYM cannot 
be coupled to a N = 4 matter hypermultiplet. 
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In continuing earlier studies |26j of topological gauge theories we pursued further the idea 
of constructing TQFT's with matter leading, in particular, to a new topological tensor matter 
action with extended, Nj> = 2, super symmetry. 

The outline of the paper is as follows: In Sect. 2 we briefly review the DW theory and 
then we construct a tensor matter action with Nt = 1 topological super symmetry; it is shown 
that its tensorial structure is uniquely fixed by gauge and local Weyl invariance. In Sect. 3 
we generalize the previous construction for complexified gauge fields, ± iVu, and pass to the 
Nt = 1 super-BF model with matter. In Sect. 4, by a suitable deformation of the super-BF 



model, in the version of [25|, we arrive at the Nt = 2 topological B-model with matter and 



underlying complexified supersymmetry Q ± iQ. In the Appendix it is proven, in accordance 



with [18, |25(] and contrary to some statement in [27, |28j, that the on-shell conditions in the 
formulation of the B-model cannot be completely lifted by using an appropiate set of auxiliary 
fields. 

Throughout the paper we use the following conventions: Greek letters fx,u, . . . denote world 
indices and lower case latin letters a, b, . . . are flat SO (4) tangent space indices. 

2 Donaldson— Witten theory coupled to tensor matter fields 

Let us first consider the DW theory whose moduli space is the space of anti-selfdual instan- 
tons. In order to complete the construction of that theory — which has been described in the 
Introduction — we must specify its configuration space. It consists of the gauge potential A^, 
the Grassmann-odd self-dual tensor, vector and scalar fields x^v, Vv an d V: respectively, and 
the Grassmann-even scalar fields eft and <j). For the closure of the topological superalgebra it 
is necessary to introduce the bosonic auxiliary self-dual tensor field B^ u . All the fields are in 
the adjoint representation, i.e., taking their values in the Lie algebra Lie{G) of some compact 
(semisimple) gauge group G. Throughout this paper we adopt the convention to choose the 
generators T % £ Lie{G) always anti-Hermitean. 

The action of DW theory, with a Nt = 1 off-shell equivariantly nilpotent topological super- 
symmetry Q, adopting the notation of Ref. [^jj, can be cast into the Q-exact form 

<Sbw = O^dwj (3) 
with the gauge fermion (see, also, footnote 3 below) 

*dw = ^ f d'x^ti^x^F^ + '-x^B^ - rD^+'-vl^A]}, (4) 

where = d^A^ + [A^, A u ] and = 8^ + [A^, ■ ] are the field strenght and the covariant 
derivative in the adjoint representation, respectively; e is the usual YM coupling constant. 

In (||) the gauge fermion has been chosen in a Feynman type gauge, thereby the first term 
enforces the localization into the moduli space and the third term ensures that pure gauge 
degrees of freedom are projected out; the remaining terms belong to the non-minimal sector 
and could be droped (getting a Landau type gauge). 

The off-shell equivariantly nilpotent Q-transformations take the form 

Qg^u = 0, Q(p = 0, 

QAp = ipfj,, Qip^ = D^cf), 
--r], Qrj=[4>,4>], 



Qx^u = B^, QB^ = \xnu,4>]. (5) 

Therefore, the topological supercharge Q squares to zero only modulo field-dependent gauge 
transformations, 

Q 2 = s G (4>), (6) 
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which are defined by Sq(lj)Au = D^cu and 5q(uj)X = [X, u] for all the other fields. Hence, all 
the local symmetries of the action, apart from the ordinary gauge invariance, have been fixed. 
Spelling out the action (|3|) explicitly one obtains, recalling that an d B^ u are self-dual, f\ 



- D^D^ + HV,^} + VB^ + ~[4>, 4>\ 2 - -Hrj, r?}} . (7) 

The Q-exactness of the action (||) is common to all Witten type topological theories and has 
striking consequences on the general features of cohomological gauge theories. It means that 
the physical observables, in particular the partition functions themself, have no dependence on 
the metric and on the coupling constant e. 

Now, we describe the inclusion of a new type of interaction into topological gauge theories 
involving antisymmetric tensor matter fields. The way of constructing such tensor interactions 
is governed by the following strategy: 

First, we generalize the coupling (|2|) such that it might be interpreted as a tp -type theory 
for antisymmetric tensor matter fields leading to the non-abelian extension f29fl of the Avdeev- 



Chizhov (AC) model [19| in Minkowski space-time: 

S AC (a) = [ d*x{(D a <p ats )(D b <p be ? + a(^ bc )(^ d 4 d )}. (8) 

Here, D a Lp ab = d a (p ab — (p ab A a is the covariant derivative of (p ab which belongs to some finite 
(complex) representation of Lie{G). Remind that the gauge potential A a is anti-Hermitean. 
For notational simplicity we also droped the group index of the matter fields, a is the coupling 
constant of the quartic self-interaction. 

The action (||) is invariant under the following gauge transformations, 

Sai^Ap = D^to, 5 G (uj)ip ab = ip ab uj, 8 G {io)ip\ b = -u<fl b , 

where the choice of a complex representation allows for a non-trivial mixing between the chiral 
components (T ab ,T ab ) of the complex tensor field ip ab = T ab + iT ab ]29|j . Let us recall that 
Minkowski space-time does not allow for self-dual fields ip ab / (p ab = {i/2)e a b c d<-P cd due to 

'fab = - fab- 

Second, we perform in (||) a Wick rotation to the Euclidean space as a result of which cp ab 
becomes two times the anti-selfdual part of T ab . Then, after appropriate rescaling of e and a, 
we put the resulting action, denoted by S(a), on a general Riemannian 4-manifold endowed 
with a vierbein e^ a and a spin connection u>^ ab , 

5(a) = _L J d *x ^ {(VT- )(V„T7) + a(T- p Tl P )(T^T+)}, (9) 



where T^ v are the (anti) self-dual parts of the tensor matter field T^ w , 



3 The various factors of i are due to some subleties in the formulation of topological gauge theories (see, the 
remarks at the end of Sect. 3). Formally, they can be avoided completely when the fields Xv, 4 1 ; V an d in 
the DW theory and, later on, f\ and Y in the super-BF and the B-model (see, Sects. 3 and 4), are redefined 
by multiplying them with —i. Then, the ghost number symmetry group changes into SO(2) instead of being 
50(1, 1). The Euclideanized amplitudes are defined, as usual, by exp(— S). 



4 



with the Levi-Civita tensor density being normalized as 

rr r abed a d „ a„ b uv raft a bsr 

As usual, the gauge and metric covariant derivative of A^ is defined by 

V» = D» + ^ ah a ab , = -(d,e u a - T^e p a )e» b , d^f + u^>e v]b = 0, 

with a a h being the generators of the holonomy group SO (4); the Levi-Civita connection Tp[ u 
is determined, as usual, by requiring covariant constancy of the metric and absence of torsion. 
With these definitions one gets 

VT± = -Ld^Cv^zJ), D"T- = 0T" - I^A", = + A»T+, 

where T v = d^ln^/g has been taken into account. Now, it is easy to verify that the action @ 
is invariant under the following gauge transformations: 

5 G (w)A M = D^u, 5 G (u)T- = T~ u uj, 6 G (u)T+ = -uT+. (10) 

Besides the gauge symmetry, the action @ possesses also a discrete symmetry under Her- 
mitean conjugation, steming from the CP invariance of the original Avdeev-Chizhov action. 
Under this conjugation A p and T^ v transform into — A p and T^ v . 

Although, for non-trivial A^ ^ and without any restriction of the holonomy group of the 
underlying 4-manifold, the coupling in @ is no more conformally, the action (§) exhibits still 
an invariance under the following local rescalings of the metric and the tensor matter fields 
^ fj,i/i 

5^{a)A ll = 0, 5^{a)g IJiV = -2ag^ u , S w (a)T^ u = aT±, (11) 

with 6-w(a)^/g = —(^/g/2)g tMl/ 5^(a)g^ v = ^o^fg. Hence, this action satisfies, by construction, 
one of the important properties of cohomological gauge theories, namely local scale (or Weyl) 
invariance. 

Third, without spoiling its gauge and local scale invariance, a Nt = 1 supersymmetric ex- 
tension of the action (|j|) is obtained by introducing Grassmann-odd (anti) self-dual tensor fields 
Aj^, and vector fields £^ as the superpartners of T±, and V M T^, respectively, and the Grass- 
mann-even symmetric tensor field as the superpartner of the gauge invariant expression 
T~ p T+ p . For the closure of the topological super algebra it is necessary to introduce the bosonic 
auxiliary vector and symmetric tensor fields and (?„", respectively. This supersymmetric 
action, denoted by St {a), can be cast, analogous to ([|), in a Q-exact form, 

S T (a) = Qtf T (a), (12) 

with the following gauge and locally scale invariant matter fermion (cf., Eqs. (19)), 

* T(a) = 2? /^^{eCV^-^ + CV^ir-l^^ + oC^C^'-G^}. (13) 
The off-shell equivariantly nilpotent (^-transformations of the matter fields are given by 









= T pv<Pi 


QC = 


v - 1 pV ^ 1 V 1 


QY- 


= C4- 




- \+ 


Q^pu 


= -K» 






QY U + 


= -<t& - 




— ± pp 1 + p ' 


QGp 


= - x pp j 



T- p \7, (14) 
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with Q satisfying the topological superalgebra (^). The gauge transformations of A^j,, £J and 
agree with those of T pv (c.f., Eqs. (|l0|)), and and ( pu are gauge invariant. 
Performing the Q-transformation, thereby making use of Eqs. (|5|) and (|l4|), the action (|T^) 
becomes 



s T ( a ) = iy d 4 xV5{(v%- p )(v,r7) -y-yf 



+ (v"A- - r- ^ - - C(v m a^ + ^rf ) 

+ a((T- T7)(r^r+ ) - C^(A W T7 - T- A7) - ^Gf^) }. (15) 



It should be stressed that, unlike the DW theory, the (^-transformations (|1J) are not obtained 
from a N = 2 supersymmetric tensor matter action via a topological twist. Let us shortly 
comment on why such a 'detour', if possible at all, was actually not necessary. This is simply 
due to the fact that the scalar field <j>, entering into the DW theory, is Q-inert. Therefore, by 
choosing a suitable gauge and locally scale invariant fermion x I / t(q ; ) and off-shell equivariantly 
nilpotent transformation rules for the matter fields the resulting action St (a) is very alike 
the action Sbw- However, this is no longer the case for Nt = 2 topological matter, whose 
construction is rather involved and, obviously, quite special (see, Sect. 4 below). 

The action (||) of the non-abelian Avdeev-Chizhov model has several remarkable features [^] 
most of which may be proven also for the action (||). Above all, it is worth notifying that its 
tensorial structure is completely fixed. Namely, due to the following purely algebraic relations, 

gP a T - p ^ T + = Qj T - p {CW a + g pa RnT+ = (16) 

and 

(T-T+)(rrTf ) = 4(T- p T^)(T^T+) = 4^-^)^-^), (17) 

an unique gauge and local scale invariant kinetic and quartic self-interaction term is singlet out 
(this explains why the action (||) deserves our interest). In addition, these relations forbid the 
existence of mass and cubic self-interacting terms. 

The equivalence of the three possible self-interaction terms ( |l~7| ) can simply be proven by 

> e ^ e p] 



using the identity e a d ^/ge pupa e abcd = e< w a e„ e i c . In the same way one verifies the relation 



/%-[V^,VlT+ =0, 

which guarantees the uniqueness of the kinetic term. From this relation one derives 

gt>°T-F^T+ = 0, T~(RW - g r° ^)T+ = 0, g^ g pa T~ p RT+ a = 0, (18) 

where R^ = g pa Rp pV a and R = g^R^v are the Ricci tensor and the Ricci scalar, respectively, 
R^pva = 9[ w rJJj + being the Riemannian curvature tensor. Decomposing R^a into its 

irreducible parts, 

R^ipva = C^pua "^R{dp.v9p(T 9p,oQvp) ~\~ ~^j\9[ivRpcr QpcjRvp QupR^ia ~\~ Q (xjRptv) j 



where the conformal Weyl tensor C ppva is completely traceless, from (|lSj) one obtains immediatly 
the relations (16). The fact, that C ppva appears in ( |l6| ) only in combination with R^ is not 



surprising if one remembers the definition of the Euler number, 



X ~ 32tt 2 



l — j d^xjg- \c ppv °C ppva - WTR^ + \r 2 }-. 
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and, in addition, takes into account the last of the relations 



Let us remark that the second of Eqs. (18) along with our choice of the matter fermion ( |13| ) 
ensures also that a coupling of DW theory to tensorial matter does not spoil the local scale 
invariance. Indeed, it is simple to check that the actions (|7|) and ( |l~5| ) are left invariant by the 
following local Weyl symmetry, 



6 w (a)$ = -2a4>, 8 w (ct)T± = aT±, 8 w (a)Y^ = -aY± , (19) 
S w (cr)ri = -2ai], 5 w (<j)\± u = a\±„, <M<r)fJ = -0"£j, 

where we have only written down the non-trivial scale transformations. Obviously, this sym- 
metry commutes with the topological supersymmetry Q, i.e., it holds [&w((j),Q] = 0. 

Since the total action, Sdw + St (a), is Q-exact, and because g^ u is Q-inert, it follows 
immediately that the metric variation of that action is also Q-exact. Therefore, the full stress 
tensor T Atjy (a) derived from this action is Q-exact, as well, which is sufficient to ensure that 
physical observables have no dependence on the metric of the underlying manifold. Since this 
action is locally scale invariant, the trace of the stress tensor becomes, on-shell, the divergence 
of a current, 

jTTV(a) = ^"^7 ^dw + S T (a)) = d,f{a). 

Moreover, since topological gauge theories should not involve arbitrary parameters — at least, 
as long as they do not enter into the Q-transformations — physical observables should also not 
depend on the coupling constant a of the self-interaction term. Indeed, the Q-exactness of the 



action (12) — which, as already emphasized above, has far-reaching consequences — makes 
it possible to use field-theoretical arguments to conclude that the a-dependent term in ( JT5| ) 
is irrelevant and can be omitted. Therefore, in the following considerations we shall take into 
account only the kinetic term of the tensor matter action. 



3 N T = 1 super— BF model with tensor matter 

In the previous section we extended the DW theory to a topological model with tensor matter. 
Its moduli space remains to be dominated by instantons. But, the evaluation of the partition 



function in the weak coupling limit, which is expected to go still through as in Ref. [1C], will 
now receive contributions to the ratios of determinants of the kinetic operators from the even 
and odd integer spin fields (A^, x^u, Vv) °f the gauge multiplet as well as from the even and 
odd integer spin fields (TH, X~ v , £f) of the matter multiplet. 

Now, as a preliminary stage, we will generalize the previous construction for the Nt = 1 
super-BF model whose moduli space is the space of flat complexified gauge fields ± W^. 
The idea behind of this intention is that, in principle, such an generalization allows also for 
introducing an extended, Nt = 2, supersymmetry. For that purpose, we have to assume that, 
apart from the complexified gauge field, all the Grassmann-odd fields are complexified ones, as 
well. In Sect. 4, when turning to the -B-model, it will become obvious that such an extension, 
roughly speaking, amounts to introduce an extended, Nt = 2, complexified supersymmetry 
Q ± iQ. Usually, extended supersymmetries arise when Nt = 1 theories are formulated on 
manifolds with reduced holonomy groups, e.g., DW theory on Kahler manifolds. Therefore, the 
complexified supersymmetry Q ±iQ which we encounter here is of a different kind as both, Q 
and Q, must have the same ghost number. 

The Nt = 1 super-BF model was described in detail in [O] using the Batalin-Vilkovsky 
formalism. However, due to some redundancy in that description it is possible to find a more 
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simpler formulation of the model with a reduced field content |^] . It consists of the gauge field 
A^, the vector field V^, the complex Grassmann-odd tensor, vector and scalar fields x^„, W 
ipu and r], ij, respectively, and the Grassmann-even scalar fields <fi and (j). Moreover, in order to 
ensure off-shell equivariantly nilpotency of the topological supersymmetry Q, Q 2 = 5g(4>), it is 
necessary to introduce the bosonic auxiliary tensor and scalar fields B^ u and Y. (Let us point 
out that Xiiv an d are not self-dual.) 

Adopting that formulation, the action of the model can be written in a Q-exact form, 

Sbf = Q*BF, (20) 
where the gauge fermion (again choosen in a Feynman type gauge) is given by 

*bf = ^ / d±x Vstr{~x^ + \x^ v B^ + xTDpVu 

-^D^ + ^foti+VD^+'-fjY}, (21) 
and the supersymmetry transformations Q are defined as follows: 

Qg^u = 0, Q(p = 0, 

= 77, Qr) =[<j),4>], 



Qfj = Y, QY=%<t>], 

QX^ = B MV , QB^ = [ X ^A\- (22) 

The reduced configuration space of the model suggests the existence of a discrete symmetry 
under Hermitean conjugation, namely [] 

(An, Vv> Vv <t>> v »,<i>, r ?> V, Y , X/jv, (-^' ^> _ #A" -<t>, ~ v n,4>, ~ if \, iv, Y , iXtiv, -B^), 

t^Lvpa * tfivpir, (23) 

so that one could expect the occurrence of an extended, Nt = 2, topological supersymmetry 
Q ± iQ. However, earring out in (^) the Q-transformation explicitly, which yields 

S BF = ^J d^x^tr^B^F^ + B^D^ + ^B^-'-Hx^iX^} 

- D^D^ + H^, %} ~ r v D^u + flfDtf 

~ l<t>{v,fj} + \[^<P? - l<f>{v,V} + WD^Y + % -Y 2 }, (24) 

it is easily seen that this is only partly the case. Therefore, this action possesses really only a 
simple, Nt = 1, topological supersymmetry. 

Let us now turn to the construction of the matter action. For that purpose we incorporate 
into (^) the vector field in such a way that the invariance under Hermitean conjugation is 
preserved. This is simply achieved by replacing in V^T^, the gauge field A^ through A^ =F iV^, 

4 This symmetry is identical with the Hermitean conjugation introduced in Ref. |f£| after an appropriate 
redefinition of the original fields through complexified ones (see also remarks at the end of this Section) . 
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respectively. The a-independent part of the resulting action, denoted by Sq (C standing for 
'complexified'), takes the form 

Sc = J_| d 4 x^{(V%- -zT- p ^)(V,T7-zKT7)}, (25) 

and is, in fact, invariant under Hermitean conjugation (A^, Vp, T±,) — ► (—A^, —Vp,T^,). 
In order to get the Nt = 1 supersymmetric extension of (pq) we make the ansatz 

Sct = Q^ct, (26) 
and choose the following gauge and locally scale invariant matter fermion 

* ct = 2^ / d ' x ^ {tw^ - iv " T ^ - Y ^ + - iT ^ v " - y ^)^+}' ( 27 ) 

where the Q-transformations are given by 

Q^PV = TpyCj), 

Qiu = V*r- - iT^v + Y-, 

QY- = - VA F + i\-„V» + T- + ir), 

QA+ = , 

QH = V%+ - tV»T+ + Y+, 

QY U + = - VA+ + *F"A+ - (r - ir)T+. (28) 



With that choice the action fl2q ) takes the form 

S ^ = ^j d ' x {(v% - ir-^)(v v ^ - i^Tf ) - y-y 



+ (va^ - a- _ c(v m a^ - w^) 



XV + - C<K+ ~ " (29) 



and one can easily verify that, as promised, this action exhibits a discrete symmetry under 
Hermitean conjugation, namely 

(Ap, Vv, Vv, <f>, Vp, T± , A± , F±, - (-^, -0, —VpjT^, T A^ , 3^, t^), (30) 



which is clearly compatible with d23|). Also this symmetry suggests the presence of a hidden 
iVr = 2 supersymmetry Q ± iQ. However, in order to expose such a second supersymmetry Q 
the action (|24] ) must be deformed by adding further terms to the gauge fermion (^) so that its 
partly discrete symmetry under Hermitean conjugation (^) becomes completely manifest. This 
will be the subject of the next section. 

Finally, there are several points worth to note about the appearence of some 'wrong' signs 
in the symmetry (^): First, because all of the (real parts of the) fields of the BF-model are 
represented by anti-Hermitean matrices, there is an extra minus sign in these transformations, 
e.g., Ap ± iVp — ► — {Ap =F iV^). Second, in order to ensure that the transformation Xnv ± ^X^u — > 
i{Xuv =t iXav) of the complexified tensor fields agrees, formally, with that of the complexified 
vector fields, ^„±i^u — > z(^±z^), it is necessary that Hermitean conjugation is combined with 
a simultaneous replacement e M ^ po - — ► —e^pa, which reverses the orientation of the 4-manifold. 
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Third, the transformations 4> — > <j>, n ± if} — > —i{f} ± irf) and Y — > Y have apparently a wrong 
sign. These extra sign changes can be traced back to some subtleties in the formulation of 
cohomological gauge theories. The DW theory was originally derived from the Wick-rotated 
N = 2 SYM with compact ^-symmetry group U(2) = Sp{2) <g) U(l), with [7(1) = SO (2) being 
the ghost number symmetry [10|. But, in this approach, the sign of the kinetic term of one of 
the two original scalars, <f> and (f>, must be changed, so that the twisted theory has an 50(1, 1) 



ghost number symmetry 1C[. One can simply overcome this difficulty if the 'problematic' scalar 
field (f> is replaced by (j) — * icft. Therefore, under Hermitean conjugation the scalars (j) and 4> 
transform like a real and a purely imaginary field, respectively. The situation is quite similar 
for the super-BF model. Recently, it has been shown that one can completely sidestep this 
problem by twisting directly the Euclidean N = 2 SYM with non-compact i?-symmetry group 
Sp{2) ® SO(l, 1) instead of Sp{2) <g) SO (2) @. 

4 Nt = 2 topological B— model with tensor matter 

The purpose of this Section is to deform the action (p4[) of the super-BF model — according 



to the proposal [25] of Blau and Thompson — to that of the B-model and to reveal the second 



topological supersymmetry Q of the matter action (29). We begin by shortly reviewing the 



structure of the B-model [18|. This model is obtained by a certain twist of N = 4 SYM, namely 
breaking down the i?-symmetry group SU(4) to 50(4) = 5p(2)^ (g) Sp{2)s ® U(l) and by 
changing the action of the rotation group 50(4) = SU(2)l £g> SU(2)r of the Euclidean space 
by replacing SU(2)l and SU(2)r through the diagonal subgroup of SU(2)l ® Sp(2)a and of 
SU(2)r (8) Sp(2)s, respectively. 

The N = 4 SYM is believed to be exactly finite and conformal invariant, even non-perturba- 
tively |3l] ]. Furthermore, it is believed that the S-duality |32| in N = 4 SYM, which includes 
a discrete Z<i symmetry corresponding to an interchange of electric and magnetic charges along 
with an interchange of weak and strong coupling, e — > 1/e, is exact. (It is natural to conjecture 
that the twisted theory has also an S-duality symmetry.) 

For N = 4 SYM it is possible to introduce a further coupling constant 9 by adding to the 
YM action a topological term (owing to the absence of a chiral anomaly in N = 4 SYM it is 
impossible to shift away the #-term by means of a chiral rotation). In the presence of a non-zero 
0-angle the original Z2 symmetry e — > 1/e is extended to a full SL(2,Z) symmetry acting on 
r = 9/2-k + 4iri/e 2 . Thereby, one expects that under an inversion r — » — 1/r of this coupling 
the gauge group G is exchanged with its dual group Dual(G). Moreover, as pointed out by 't 
Hooft p3| ) one can consider topological non-trivial gauge transformations of G /Center (G) with 
discrete magnetic 't Hooft flux through certain two-cycles of the 4-manifold. 

The action of the B-model in the presence of a non-zero #-term can be cast into the form 

Sbt(0) = Q^bt ~ iOk = Q^ BT - i6k, k = ^ J d 4 x^tr{F^F^}, (31) 

where k is the instanton number, i.e., its ^-independent part is Q— and Q-exact, but not QQ- 
exact, 5bt(0) 7^ QQQbt (notice that under the Hermitean conjugation, Eqs. (p3|), k transforms 
into —k whereas 6 remains inert). 

The gauge fermion ^bt in (|3ll) is an appropiate extension of the gauge choice (|2l|), 



*bt = ^ J d^x^tv^r^F^ - [Vfj,, V v \) + % -X^{B^ v - iD { ^V v] ) 

- - V Wp, 4>] + <P] + V^D^f} + l -f}Y} , (32) 
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whereas 



- + r [V„, 4>] + ^v[4>, 4] - VDtf - -r/F } , (33) 



is obtained from ( |32| ) by applying the following discrete Z2 symmetry of the B-model pq ] (see 
Eq. (H) below), 



(A^ip^i/)^ 4>, Vp, </>, 17, 77, Y, S MI/ ) -> (A^^ipn, 4>, -V^ 4>, r/, r}, -Y, Xftu, B^). (34) 

The on-shell equivariantly nilpotent Q— and Q-transformations, being interchanged by the 
Z2 symmetry (34), are the following: 



Q</> = 0, 


Q0 = O, 


QA^ = Vv, 


QA^j, = V^, 


Q^ti = D^cf), 


QVV = D^cf), 


QVn = Vv, 


QVf, = -ipp, 


Q^ = \V (t ,4>], 




Q4> = v, 


Q4> = fj, 


Qv = [4>,4>], 


Qv = [4>,4>], 


Qv = Y, 


Qv = -Y, 


Q Y = [v,4>], 


QY = -[ V ,4>], 


Qx^v = B^ + iD^V u] , 


Qx^v = B/u, - iDfrV„], 


QB^ = [x^u, 4>] - iDy&i,] - V v ]], 


QB^v = [Xnv, 4>] - iD\fj^ v \ + ityfr, V„]] 



Here, both operators Q and Q square to zero modulo field-dependent gauge transformations 
8g{4>) but anticommute only on-shell on x^v and B^ u , 

Q 2 = 5 G (0), {Q,Q} = 0, Q 2 = <5 G (</>). (36) 



In the Appendix we reanalyse in detail a statement of Lozano |27| , namely that the action of 
the B-model in the presence of a non-zero 0-term can also be cast into the following form: 

6 47TZ 

5*l(t) = Q^h + 2-Kirk = Q^l + 2irifk, T = — + ^ r , (37) 



f being the complex conjugate of r, with Q and Q satisfying the superalgebra ( pq) off-shell. 
We have not been able to confirm that result. A closer analysis (see Appendix) shows that, 
on the one hand, it is always possible to introduce off-shell equivariantly nilpotent Q- and Q— 
transformations, but then <Sl(t) cannot be cast into the form ([37]). On the other hand, it is 
always possible to express Si,(t) in the form (|37|), but then the Q- and ^-transformations close 
only on-shell. 
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In the Feynman type gauge the ^-independent part of the action (pW) reads 



Sbt(O) = ~ 2 I c^Xy/gtr^B^F^ - [V^Vu]) + -D^D^ 



12 



+ -B^B^ - -^{x^,X^} ~ D^D^ 

- x^Drfv - x^K, 1>„] + ^D„fj + ^[V„, r,} 



(38) 



By construction, this action is invariant under Hermitean conjugation fl23|) and may be regarded, 
formally, as deformation of the action (|2"4|) of the Nt = 1 super-BF model. By choosing the 



Landau type gauge this action and the supersymmetry transformations (35) coincide precisely 
with those of Ref. |§. 

After having deformed the action of the super-BF model to a point in the deformation space 
where it possesses an extended, Nt = 2, supersymmetry, let us now show that at this point the 
matter action ( p6|) can be cast also into a (Q-exact form, 

Sct = Q*CT, (39) 
with the following choice of the matter fermion, 



CT 



I 

2^2 



d A x^-g[c(V»T+ u - iV»T+ - Y+) - (VT" - iT~V* - Y~)^}. (40) 



Indeed, introducing the Q-transformations of the matter fields according to 

Qt~ v = -i\: 



QX,,„ = iT, 



(IV 1 



iV»T-+T^,V> + iY-, 



QY- = -it~4> + iVA- + A" V + T~ (r - i^), 
QA+ = i<f>T+, 

Qtt = - V»T+ - iY+, 

QY+ = - ^ - V^A+ - {V + ir)T+, 



(41) 



it is easily seen that they are equivariantly nilpotent and anticommute with the Q-transforma- 
tions pS|), i.e., Q and Q obey the topological superalgebra (36) off-shell. Then, spelling out 
in detail, one recovers precisely the orginal action fl29|), namely 

Sct = ^J d 4 x J-g{{V»T- p - iT-Vn(V„T» p - iV v T» p ) - Y~Y^ 
+ (VA- - iA" - C(V M A^ - i^Af) 



t- (r + iVK - - srWv - %) r r}- 



Furthermore, it is simple to verify that the actions (38) and ( p9| ) are invariant under a local 
rescaling of the metric Sy^(a)g )J , L , = —2ag^ u and local Weyl transformations of the fields. The 
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latter are given by 





-2*$, 






6w(a)r] = 


-2*T), 


%(°")^ = 




5vr(*)Y = 


-2aY, 


6 W (*)Y± = 




dw(<?)v = 


-2*fj, 


M*)# = 





with the properties [5yj(a),Q] = = [S\v(*),Q], where again we have only written down the 
non-trivial transformations. 

This finishes our construction of the topological B-model involving antisymmetric tensor 
matter fields. 

In this context, let us mention that recently a fourth, conformal twist of N = 4 SYM has 
been proposed leading to a conformal invariant deformation of the B-model whose action is 
local scale invariant and has two Weyl invariant topological supersymmetries, Q and Q, p^| . 
Moreover, it has been conjectured that this model could have a dual holographic description in 
the 5-dimensional de Sitter space. We suppose that it should be possible to couple this model 
to antisymmetric tensor matter fields, too. 



5 Concluding remarks 

Motivated by the question whether, at least from a purely algebraic point of view, a topological 
model with matter having Nt = 2 supersymmetry can be constructed, we have proposed a new 
type of matter interactions involving antisymmetric tensor fields. These interactions may be 
regarded as supersymmetric extensions of a (^ 4 -type theory for antisymmetric tensor matter 



fields, firstly considered in [19, 29 1, on a general, curved 4-dimensional Euclidean gravitational 
background. Such tensorial matter interactions have been explicitly worked out for the DW 
theory, the Nt = 1 super-BF model and the Nt = 2 topological B-model. 

In that paper we have focused primarily on the algebraic aspects of how topological gauge 
theories involving tensor matter fields can be constructed. Many other aspects remain still to 
be clarified. Among the interesting questions which deserve further investigations let us only 
mention the following: 

(i) What are the unitarity properties of the independent propagating degrees of freedom associ- 
ated with antisymmetric tensor matter fields in Euclidean space? 

(ii) What are the relevant equations of the moduli problem in the presence of tensor matter 
fields? 

(iii) Are there new topological observables associated with tensor matter fields? 

(iv) Does, analogous to the DW theory with matter hypermultiplet, the ghost-number anomaly 
of the topological B-model change when the tensor matter multiplet is coupled? 

(v) How behave antisymmetric tensor matter fields in topological gauge theories under renor- 
malization? 

(vi) Is it possible to couple tensorial matter also to the Nt = 2 topological A-model whose 
underlying supersymmetries, Q and Q, have different ghost numbers and therefore different co- 
homologies? 

(vii) Is it possible to construct a JV = 2 — or even a N = 4 — supersymmetric extension of 
the (non-abelian) Avdeev-Chizhov model from which tensor matter interactions, like the ones 
introduced in this paper, could be obtained via a topological twist? 

(viii) Recently, Berhadsky, Sadov and Vafa (l(| have shown that all the topologically twisted 
N = 4 gauge theories appear quite naturally as world-volume theories of Dirichlet p-brane in- 
stantons in string theory. With respect to this the perhaps most interesting question is whether 
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topological tensor matter interactions could also appear in some low-energy effective tensor 
gauge theories derived from string models. 



A Lozano's formulation of the B— model 

In this Appendix it will be shown that in Lozano's action ( |37| ) (see, Ref. | |27| j, Eq. (7.17)), 

S l (t) = Qtf L + 2-KiTk = Q^ L + 2mfk = S L (8 = 0) + i9k, (A.l) 

the topological supercharges Q and Q do not provide an off-shell formulation of the B-model. 
First of all, to be in line with the convention used here, let us perform the following redefinitions 
of Lozano's fields (denoted by a subscript L): 



[Qk = 


Q, 


[\h = 


iA^, 


[B]l = 


-iV2~4>, 


[Q]l = 


Q: 


MJl = 




[C}l = 


-iV2(f>, 




- i ± 

2 Xfj,v ; 


Wl = 




Nl = 


-2vq, 


[P]l = 


-AiY, 






[*7]l = 


-2ifj, 



[iV±] L = iB%, 

where the overall factor of i is due to the different choice of the group generators, \T l }\ J = —iT' 1 . 

After carrying out these redefinitions in Eqs. (7.11) and (7.16) of Ref. |27| and coupling 
the resulting action Si,(6 = 0) + i9k to Euclidean gravity, which requires a non-minimal in- 
dependent term R^V^Vu, for the ^-independent part one obtains 

S L (6 = 0) = 1| d A x v^tr{i(i^ - [V»,V»])(F, V - [V„V V ]) + \d^D [ix V v] 

- 2 X ^D^ V + 2xf K, $ v ] - 2^D^ - 2^[V„, V ] 

+ l^xT ,xU - mr,^} + mvM - \kb+ v 

- 2y^D^ v - 2 X t v [V lu $ v ] - 2$»Dfi + 2^[V^ fj] 

+ -Hxt^x^} - Mr,^} + Mv,fi} - \bi v b- v 

+ 2D^D^ + 2[V^ $\[V^ 0] - 2[4>, </>] 2 - 2V»D fl Y - 2Y 2 }, (A.2) 

where the -R^-dependence is cancelled by the y-dependent terms. 

Obviously, the action Sl(9 = 0) + i9k is invariant under a discrete Z2 symmetry acting on 
both the fields and the coupling constants 27], 

(Au> ^7* > $1*1 4>, VnA, v, v, Y , x%, b± u ) -» (Ap, -Vv, 4>, -Vp, 4>, -fj, -Tj, -y, -xjv, -b^ v ) 

{^Hvpai v) — > {— Cfivpa, ~ (A-3) 

Now, decomposing into its self-dual and anti-selfdual parts, then the action Sl(6 = 0) can 
be expressed either as a Q-exact or as a Q-exact term, in both cases modulo a term depending 
only on the instanton number k, 

Rir 2 k R-7r 2 k 

S L (0 = 0) = Q* L - ^ = Q* L + (A.4) 
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Here the gauge fermions are given by 

*L = ^y tfxrfix{±x!?(F+-\yvV v ] + -B+) + 2^Drf + 2^%,. 

+ lx^((D [fl V u] r - B" ) - 2t/[0, 0] + ^^f? - 2r?y}, 

= ~2 J d A x Vgtr{^ V (F- - [Vp, V u \- + B~ ) + 2^D^ - 2^[V„ 

- \*% ((%K]) + - B+ ) - 2f}& <j>] - VDtf + 2 V y}. 

Then, recasting within the full action Sl(# = 0) + i9k the topological part in terms of the 
modular coupling r = 9/2ir + Airi/e 2 one gets directly the action (A.l) with a topological term 
depending only upon r. 

The Q— and Q-transformations, being interchanged by the Z2 symmetry (A. 3), Q *-* —Q, 
are given by 

Q4> = 0, Q4> = 0, 

QAp = i/jp, QA^ = tpf,, 

Qip^ = D^4>, Qipf, = D^cf), 

QVn = 4>^, QV^ = -ipn, 

Q^ = [^,0], oi>» = -\y»<i>], 

Q4> = rj, Q4> = fj, 

Qrj = [4>,4>], Qfj=[(j),4>], 
Qfj = Y, Qn = -Y, 

QY = [fj,4>], QY = -[v,4>], 

Qx+u = F+ - [V„ V u ] + + B+, Qx, u = F~ - [Vfj,, V V Y ~ B~ u , 

QB+ U = [x+ , <t>] ~ (D[^»] ~ V v] ]) + , QB~ U = -[x~ u , 0] + (D^ v] + 

Q^V = - (%^] + K]])", QB+ = -\x%,,4>] + - (A.5) 

Here, the operators Q and Q are both equivariantly nilpotent and anticommute on-shell for 
and B^ v and off-shell for all the other fields, i.e., unlike to the claim of Ref. [27|, they do not 
provide an off-shell realization of the topological superalgebra, 

Q 2 = «5 G (0), {Q,Q} = 0, Q 2 = 5 G (cf>). (A.6) 

Here, some remarks are in order: First, in the case under consideration it is impossible to cast 
Sl(0 = 0) hito the Q- and Q-exact form QQQ^ for some gauge boson Ql- Second, whenever 
Q and Q are interchanged by a Z2 symmetry the action 81,(6 = 0) can be cast into the form 
(A. 4). In the present case this is only possible when Q and Q anticommute on-shell. Third, it 
is impossible to replace in (A. 4) Q and Q by off-shell equivariantly nilpotent operators because 
such a replacement would come into conflict with the Z2 symmetry (A. 3). Indeed, if we replace 
in (A.5) the Q-transformations for xtv an d B^ u according to 

Qx^v = F ~ - [V^, V v ]~ - iB^ u , 

Q B ~ V = i[x»v,4>] - i( D [^u] + bP[n, Vu]})~, 

Qxtu = -(D[»V„ ] ) + -iB+ v , 
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leaving all the other transformations unaltered, it is easily seen that the modified Q— and Q— 
transformations provide an off-shell realization of the superalgebra (A. 6). However, the old Q— 
and the new Q-transformations are no longer related to each other through a Z2 symmetry and, 
therefore, the modified (^-transformations are not any more a symmetry of Sl(6 = 0)! 

Finally, to close our analysis, let us state the relation between the action and the super- 
symmetry transformations given in Sect. 4 and those presented above. After integrating out in 
(|38|) and (A. 2) the auxiliary field B^ v and redefining the Blau-Thompson's fields (denoted by a 
subscript BT) according to: 

[Q]bt = C(Q-Q)> [4Jbt = 4 m > [0]bt = -»0, 

[Q]bt = C(Q + Q), [V»]bt = V u , Met = 20, 

\Xl^]BT = -KXlJ,u: [VVJBT = C(VV* [v]bT = K(V~V): 

[Y] BT = -2iY, fe] BT = C(^ + ^)> [j?] B T = 2C(r/ + r?), 

with the abbreviation £ = (1 — i)/2, one finds that Sbt(@ = 0) = —3^(9 = 0). Furthermore, 
one verifies that the transformations (|35|) match precisely those given in (A. 5). Hence, the 



formulations of the B-model proposed by Blau and Thompson [25] and by Lozano [27] are 
equivalent on-shell, but they differ from each other after introducing of B^ u . But, in neither 
cases the on-shell condition (A. 6) can be completely lifted by introducing off-shell formulations 
for the topological supersymmetries Q and Q using auxiliary fields. 



References 

[1] M. B. Green and J. H. Schwarz, Phys. Lett. B 149 (1984) 117 

[2] N. Kemmer, Helv. Phys. Acta 33 (1960) 829; 

V. I. Ogievetsky and I. V. Polubarinov, Yad. Fiz. 4 (1966) 216 

[3] see, e.g., Supergravities in Diverse Dimensions, A. Salam and E. Sezgin, Eds. (North-Holland and 
World Scientific, 1989) 

[4] U. Kalb and P. Ramond, Phys. Rev. D 9 (1974) 314; 
E. Cremmer and J. Scherk, Nucl. Phys. B 72 (1974) 117 

[5] B. de Wit, V. Kaplunovsky, J. Louis and D. Lust, Nucl. Phys. B 451 (1995) 53 

[6] B. de Wit and J. W. van Holten, Nucl. Phys. B 155 (1979) 530; 

E. Bergshoeff, M. de Roo and B. de Wit, Nucl. Phys. B 182 (1981) 173; 
E. S. Fradkin and A. A. Tseytlin, Phys. Rep. 119 (1985) 233 

[7] for a review, see, e. g., P. Ginsparg, Applied Conformal Field Theory, in Les Houches, Session XLIX, 
Fields, Strings and Critical Phenomena, E. Brezin and J. Zinn-Justin Eds. (Elsevier, 1989); 
D. Friedan, E. Martinec and S. Shenker, Nucl. Phys. B 271 (1986) 93; 

[8] A. S. Schwarz, Lett. Math. Phys. 2 (1978) 247; Commun. Math. Phys. 67 (1979) 1; Baku Lntern. 
Topological Con}. Abstracts, Vol. 2 (1987) 345 

[9] for a review, see, e. g., D. Birmingham, M. Blau, M. Rakowski and G. Thompson, Phys. Rep. 209 
Nos. 4,5 (1991) 129; 

S. Cordes, G. Moore and S. Rangoolam, 2D Yang-Mills Theory, Equivariant Cohomology and Topo- 
logical Field Theory, in Les Houches, Session LXII, Fluctuating Geometries in Statistical Mechanics 
and Field Theory, Ed. F. David, G. Ginsparg and Zinn-Justin Eds. (Elsevier, 1996) 

[10] E. Witten, Commun. Math. Phys. 117 (1988) 353; 

[11] E. Witten, Commun. Math. Phys. 121 (1989) 351 



16 



[12] G. T. Horowitz, Commun. Math. Phys. 125 (1989) 417; 

G. T. Horowitz and M. Srednicki, Commun. Math. Phys. 130 (1990) 83; 
M. Blau and G. Thompson, Ann. Phys. (N. Y.) 205 (1991) 130 

[13] S. K. Donaldson, J. Diff. Geom. 18 (1983) 279; Topology 29 (1990) 257 

[14] E. Wittcn, Commun. Math. Phys. 118 (1988) 411 

[15] M. Gromov, Invent. Math. 82 (1985) 307 

[16] for a review, see, e. g., R. Dijkgraaf, Les Houches Lectures on Fields, Strings and Duality, Session 
LXIV, 1995, Quantum Symmetries, hcp-th/9703136[ 

M. Bershadsky, A. Johansen, V. Sadov and C. Vafa, Nucl. Phys. B 448 (1995) 156; 

M. Bershadsky, V. Sadov and C. Vafa, Nucl. Phys. B 463 (1996) 420; 

S. Cordes, G. Moore and S. Rangoolam, Nucl. Phys. Proc. Suppl. 41 (1995) 184 

[17] B. Birmingham, M. Blau and G. Thompson, Int. J. Mod. Phys. A5 (1990) 4721 

[18] N. Marcus, Nucl. Phys. B 452 (1995) 331 

[19] L. V. Avdeev and M. V. Chizhov, Phys. Lett. B 321 (1994) 212 

[20] M. F. Atiyah, N. H. Hitchin and I. M. Singer, Proc. R. Soc. Lond. A 362 (1978) 452; 

D. Freed and K. Uhlenbeck, Instantons and four-manifolds, 2. Edition, Springer- Verlag, 1994 

[21] N. Seiberg and E. Witten, Nucl. Phys. B 426 (1994) 19; Erratum, Nucl. Phys. B 430 (1994) 485; 
Nucl. Phys. B 431 (1994) 484; 

E. Witten, Math. Res. Lett. 1 (1994) 769; J. Math. Phys. 35 (1994) 5101 

[22] S. Hyun, J. Park and J. S. Park, Nucl. Phys. B 453 (1995) 199; 

D. Amselmi and P. Fre, Nucl. Phys. B 392 (1993) 401; Nucl. Phys. B 404 (1993) 288; Nucl. Phys. 

B 416 (1994) 25; Phys. Lett. B 347 (1995) 247; 

J. M. F. Labastida and M. Marino, Nucl. Phys. B 448 (1995) 633 

[23] J. Yamron, Phys. Lett. B 213 (1988) 325 

[24] C. Vafa and E. Witten, Nucl. Phys. B 431 (1994) 3 

[25] M. Blau and G. Thompson, Nucl. Phys. B 492 (1997) 545 

[26] B. Geyer and D. Miilsch, Nucl. Phys. B 616 (2001) 437, 476; Phys. Lett. B 518 (2001) 181 



[27] C. Lozano, Duality in Topological Quantum Field Theories, Ph.D. Thesis, 1999, hep-th/9907123 



[28] P. de M edeiros, C. Hull and B. Spence, Conformal topological Yang-Mills theory and de Sitter holo- 
graphy, |hep-th/011119C 

[29] V. Lemes, R. Renan and S. P. Sorella, Phys. Lett. B 352 (1995) 37 

[30] M. Blau and G. Thompson, Phys. Lett. B 415 (1997) 242; see, also: 

B. Acharaya, J. Figueroa-O'Farrill, M. O'Loughlin and B. Spence, Nucl. Phys. B 514 (1998) 583 
Phys. Lett. B 206 (1988) 75 

[31] N. Seiberg, Phys. Lett. B 206 (1988) 75 

[32] C. Montonen and D. Olive, Phys. Lett. B 72 (1977) 117 

[33] G. 't Hooft, Nucl. Phys. B 138 (1978) 1; Nucl. Phys. B 153 (1979) 141 



17 



